The Japan Meteorological Agency (JMA) started the second Japanese global atmospheric reanalysis project named the Japanese 55-year Reanalysis (JRA-55). It covers 55 years, extending back to 1958, when the global radiosonde observing system was established. Many of the deficiencies found in the first Japanese reanalysis, the Japanese 25-year Reanalysis (JRA-25), have been improved. It aims at providing a comprehensive atmospheric dataset that is suitable for studies of climate change or multi-decadal variability, by producing a more time-consistent dataset for a longer period than JRA-25.
Introduction
It is a crucially important requirement to estimate the climate features of the global atmosphere with high accuracy in terms of both quality and quantity for climate studies and monitoring. Reanalysis of past observations with a fixed, state-of-the-art numerical weather prediction (NWP*) system is a powerful approach to fulfill such a requirement.
Global reanalyses have been conducted at major NWP centers such as the NCEP/NCAR reanalysis (Kalnay et al. 1996; Kistler et al. 2001) , NCEP/DOE renalaysis (Kanamitsu et al. 2002) and ERA-40 (Uppala et al. 2005) by ECMWF. JMA and CRIEPI also completed the JRA-25 reanalysis (Onogi et al. 2007) , and thereafter JMA has been operating the JMA Climate Data Assimilation System (JCDAS), to continue producing consistent climate data on real time basis. These reanalyses have been providing fundamental data sets for climate monitoring and researches. However, to extend the range of application, further improvement is needed. In particular, neither data availability nor long-term consistency in data quality is sufficient for detecting and examining long-term climate trends and/or multi-decadal climate variability (Trenberth et al. 2008) . This clearly shows the need for updating a reanalysis dataset with a state-of-the-art system and recently new reanalyses have become available from ECMWF (Dee et al. 2011) , NASA (Rienecker et al. 2011) , NCEP (Saha et al. 2010 ) and NOAA-CIRES (Compo et al. 2011) .
Since the time of the JRA-25 production, the JMA operational NWP system achieved some major updates, including increase of resolution, introduction of a new radiation scheme to the forecast model, and four-dimensional variational data assimilation (4D-Var) with Variational Bias Correction (VarBC). With these updates, the current system is able to handle satellite radiances better and to produce less-biased analysis fields compared to the JRA-25 system, and expected to overcome the deficiencies in the stratospheric temperature analysis such as negative bias in JRA-25.
To address the issues identified in JRA-25, we started the second Japanese reanalysis project, JRA-55, in which the analysis period is extended substantially from that for JRA-25 with the more advanced DA system. In this paper, we report an overview of the JRA-55 project and progress as of August 2011. In Section 2, the models used in JRA-55 are outlined and compared with those used in JRA-25. In Section 3, several early results of JRA-55 are introduced and compared with the results of JRA-25. In Section 4, advantages and remaining deficiencies in JRA-55 are summarized, and future plans are presented. Observational data being used in JRA-55 are listed with their available period in Fig. 1 . In addition to the data assimilated into JRA-25, many kinds of newly obtained observational data are assimilated. Atmospheric Motion Vector (AMV) data from GMS, MTSAT and METEOSAT are newly reprocessed after JRA-25. Clear Sky Radiance (CSR) data from GMS and MTSAT reprocessed at MSC/JMA will be used for the first time in reanalyses.
Data assimilation and prediction system
The production is being executed with three separate streams ( JRA-55 covers the period from pre-satellite era to recent years with many kinds of varying satellite data as shown in Fig.  1 . It is recognized that analysis quality largely depends on the background error covariance matrix (B-matrix) when/where the number of observational data is small (Whitaker et al. 2009 ). Therefore, for years before 1972 with no satellite data, the Bmatrix specified in the data assimilation system needs to be adjusted. We estimated an appropriate scaling factor for the B-matrix used in the pre-satellite era to be 1.8 from departure statistics of a set of assimilation experiments with and without satellite data. Figure 2 shows bias and RMS difference between radiosonde temperature measurements and the background and analyzed values from assimilation experiments for the extratropical southern hemisphere. It can be seen that covariance scaling gives a positive impact in reducing RMS of background departures.
In JRA-25, land surface in the Amazon basin has a dry bias due to unrealistically high pressure area formed in the lower troposphere. A similar problem occurred in preliminary experiments
The Japanese 55-year Reanalysis "JRA-55": An Interim Report Ayataka Ebita by RSS (Mears and Wentz 2009 ). The result for 11 years from 1980 showed that the trend of JRA-55 is in better agreement with that of RSS compared to that of JRA-25, and that unrealistic variation seen in the time series for JRA-25 was reduced significantly in JRA-55 (Fig. 4) . These improvements are primarily due to the introduction of VarBC (Dee 2005) and indicate an improved performance in handling satellite radiances. Figure 5 shows the time series for (a) precipitation, (b) evaporation, (c) runoff, and (d) soil wetness at the root level averaged over the Amazon basin. As mentioned in Section 2, JRA-25 has a dry bias over the Amazon basin and the time series for precipitation from JRA-25 shows a clear underestimation (Fig.  5a ) compared to the GPCP Ver. 2.1 (Adler et al. 2003) . The time series for precipitation from JRA-55 shows a better agreement with GPCP, and the time series for other hydrological variables also demonstrate an improved seasonal cycle compared to that of JRA-25 (Figs. 5b, c, d ). Although verification with independent observations is needed, the water cycle of the Amazon basin is expected to be represented more realistically in JRA-55.
Precipitation from reanalyses was assessed by Bosilovich et al. (2008) using Taylor diagrams and it was demonstrated that the with a prototype version of the JRA-55 system, and we found that this problem stemmed from a mismatch between surface pressure observations and the background values. The cause of the mismatch has not been fully understood, but is likely related to mis-specified station height, bias in observations and deficiencies in the diurnal cycle reproduced by the forecast model. While this problem needs further investigation, we simply discard surface pressure observations around the Amazon basin to prevent this problem.
Quality of JRA-55 early results
Computations for more than 16 years have been completed as of August 2011. We describe some early results of JRA-55 in which deficiencies in JRA-25 have been removed or reduced significantly. Figure 3 shows vertical profiles of global mean bias and RMS differences between radiosonde temperature measurements and the background and analyzed values from JRA-55 and JRA-25. Both bias and RMS difference of JRA-55 are reduced from those of JRA-25. In particular, large negative biases (note that 'OBS minus BG/AN' are drawn) found in the lower stratosphere of JRA-25 have been removed. This improvement is due to the introduction of the new radiation scheme, which was implemented into the operational system in December 2004.
Temporal variability of the stratospheric temperature analysis was assessed using microwave sounder measurements processed Note that the final list is subject to change depending on progress in development. (Ishii et al. 2005) COBE SST (Ishii et al. 2005) JRA-25 precipitation had a good correlation with GPCP. Figure 6 shows Taylor diagrams for the annual mean correlations and standard deviation of global precipitation from JRA-25 and JRA-55 with GPCP data. It can be seen that the JRA-55 precipitation, in particular over land, has an even better correlation with GPCP than that of JRA-25. However, the normalized standard deviation based on JRA-55 is slightly degraded from that based on JRA-25, as a manifestation of overestimated precipitation compared to
GPCP (not shown).
The quality of reanalysis data can be assessed from the accuracy of the forecast made from a reanalysis as an initial condition. Figure 7 shows the RMS error of 500 hPa geopotential height forecasts at day 2 verified against its own analysis for JRA-55, JRA-25 and the historical JMA operational systems. Although the comparison is currently available only for the rather short period from 1980 to 1990, scores of JRA-55 are much better than those of JRA-25 in each of the hemispheres. Since the NWP system used in JRA-25 was based on the operational system as of March 2004, the scores of JRA-25 are better than those of the JMA operational analysis for the period before 2004, but the opposite is the case for 2005 and afterward. Scores of JRA-55 are expected to be comparable to the operational system around 2009 because the model used in JRA-55 is based on the operational system as of December 2009. The change in the SH of JRA-25 in 1998 is due to the replacement of TOVS to ATOVS (Onogi et al. 2007) .
Wind retrievals surrounding tropical cyclones (TCR) data (Fiorino 2002) were used in JRA-25 to analyze tropical cyclones (TCs) homogeneously around the globe. Hatsushika et al. (2006) confirmed the accuracy of TC analysis in JRA-25. We can expect more accurate reanalysis of TC with a higher resolution, because TCR data are assimilated in JRA-55 as well. Bessho et al. (2010) used preliminary experimental products of JRA-55 to examine the predictability of Vera ("Isewan Typhoon" in Japanese), which landed the middle part of Japan and caused more than 5000 deaths in 1959. They performed meso-scale analysis and forecast experiments of wind, storm surge, and precipitation due to Vera using a regional model with initial and boundary conditions taken from the JRA-55 experiment. Vera was reproduced quite well with respect to position and strength, which indicates high potential applicability of the JRA-55 products to researches on extreme events such as tropical cyclones.
Summary and future plans
Early results of quality assessment have suggested that many of deficiencies in JRA-25 have been diminished or reduced in JRA-55. Specifically a large temperature bias in the lower stratosphere was significantly reduced by introduction of the new radiation scheme to the forecast model. The VarBC contributes to the diminution of unrealistic temperature variations found in the lower-stratospheric time series based on JRA-25. The dry land surface problem in the Amazon basin in JRA-25 was mitigated. Overall quality of JRA-55 is much improved as shown in forecast scores compared with those of JRA-25 for the completed years, owing to continuous development of the JMA operational NWP system as evident from the improvement in the operational scores in recent years. Global precipitation in JRA-55 is, however, still somewhat overestimated compared to GPCP as well as in JRA-25, which requires further investigation.
The entire JRA-55 production is expected to be completed in early 2013. Thereafter, JRA-55 will be continued as a new JCDAS on real time basis and replace the current JRA-25-based JCDAS. Performance of JRA-55 is monitored carefully until the completion of the production and the quality will be further investigated. A comprehensive report of the JRA-55 reanalysis will be published after the completion of the project.
While JRA-55 will use as many types and numbers of observational data as possible to give the best instantaneous field estimate, we have a plan to produce JRA-55 subset products assimilating conventional observational data only (JRA-55C), without any satellite data. It aims at retaining consistency for long years, even if its analysis quality may be inferior to JRA-55. This set of reanalyses is expected to contribute to addressing some of the issues of the current reanalyses such as impact of changing observing systems on representation of long-term climate trends and variability.
